Objective To test the association of distinct neuropathologic features of Alzheimer disease (AD) with risk loci identified in genome-wide association studies.
Late-onset Alzheimer disease (LOAD) is neuropathologically characterized by cerebral accumulation of amyloid-β (Aβ) peptide containing neuritic plaques and hyperphosphorylated tau-protein, and by cerebral amyloid angiopathy (CAA) and capillary Aβ (CapAβ) deposition. LOAD is known to have a fairly strong hereditary risk, 1 the apolipoprotein E (APOE) e4 being the strongest genetic risk factor. 2, 3 Recently, genome-wide association studies (GWASs) have identified approximately 30 Alzheimer disease (AD)-associated risk loci, [4] [5] [6] [7] [8] [9] [10] which are known to encode proteins involved in immune system and inflammation (CLU, CR1, ABCA7, MS4A, CD33, EPHA1, MEF2C, HLA-DRB1/DRB5, TRIP4, and TREM2), cholesterol metabolism (APP, CLU, ABCA7, and SORL1), synaptic and membrane function (PICALM, BIN1, CD33, CD2AP, EPHA1, INPP5D, PTK2B, SORL1, and SLC2A4), tau pathology (BIN1), and Aβ metabolism (APP, CLU, CR1, ABCA7, INPP5D, and SORL1). 6, 8, [11] [12] [13] [14] [15] Most of the previous GWASs have been based on large clinically diagnosed hospital-based samples, [5] [6] [7] [8] [9] [10] 14 but recently, a few GWASs have been published based on neuropathologically verified data sets. 16 In those studies, ABCA7 and CD2AP as well as a variant near APP (rs2829887) and ABCG1, GALNT7 and an intergenic region on chr 9 (9: 129,280,000-129,380,000) loci have been found to be associated with neuritic plaque pathology. 4, 16 The Consortium to Establish a Registry for Alzheimer disease (CERAD) score and Braak stage have also been associated with ABCA7, BIN1, CASS4, MEF2C, and PICALM, and Braak stage with CLU, SORL1, ZCWPW1, and CERAD score with MS4A6A, and CD33. 4 Here, we analyzed possible associations of AD risk loci with each neuropathologic feature (neuritic plaque, neurofibrillary tangle and CAA, and CapAβ) in a population-based sample of very elderly Finns (Vantaa 85+ Study).
Methods

Study population
The Vantaa 85+ Study includes 601 individuals, aged at least 85 years, who were living in the city of Vantaa on April 1, 1991. Autopsy and neuropathologic examination were performed on 300 (mean age 92.4 ± SD 3.7 years, range 85-105). The clinical characteristics of the whole genotyped subpopulation (N = 512) and the whole genotyped neuropathologically examined subpopulation (N = 300) are shown in table e-1 (http://links.lww.com/NXG/A16).
Neuropathologic examination
Evaluation of Braak stages of Alzheimer-type neurofibrillary pathology 17 and CERAD scores of neuritic plaques 18 have been described previously. 19 The percentage of CAA-affected noncapillary blood vessels was estimated using histologic Congo red as described previously and confirmed by immunohistochemistry (IHC). 20 The presence of CapAβ was analyzed as described before 20, 21 using IHC. 21 Evaluation of the APOE genotype, SNP array, and candidate gene approach APOE genotyping was performed as described previously. 22 A GWAS was conducted as previously described 23 by Infinium Human370 BeadChips (Illumina, San Diego, CA) for 327,521 variants in blood samples from 512 participants. Data quality control was done using the standard PLINK v1.9 24, 25 protocol. 26 In summary, related individuals (identity by descent >0.185), individuals with discordant sex information, divergent ancestry, elevated missing data (>3%) rate, or outlying heterozygosity rate (±2 SD) were excluded. Variants with missing per person rate >10%, minor allele frequency <1% and missing data rate >5%, or significantly different genotype call rates between cases and controls (p < 0.00001) were excluded. Variants not in the Hardy-Weinberg equilibrium (p < 0.00001) were also discarded.
A PubMed search was performed to identify all the loci that have been reported in previous GWAS analyses in samples from participants with clinically or neuropathologically diagnosed AD. Besides APOE, we found reports on 44 variants at 29 loci. Variants at genes near these candidate loci were extracted from the qualitycontrolled genome-wide single nucleotide polymorphism (SNP) array. To cover nearby variants of possible interest, variants within 1 kb of each candidate gene were also included in the study (table e-2, http://links.lww.com/ NXG/A16).
Imputation
Imputation was performed using IMPUTE2. 27 1000 Genomes phase3 data (October 2014 release) supplied by IMPUTE2 were used as the reference panel. Imputation was performed on the same candidate genes as in the SNP array-based analyses and on the 44 previously reported index variants. The whole available Vantaa 85+ data set (n = 512) was imputed. We have whole-genome sequences of a subset of the Vantaa 85+ study (n = 286), and we Glossary Aβ = amyloid-β; AD = Alzheimer disease; APOE = apolipoprotein E; CAA = cerebral amyloid angiopathy; CapAβ = capillary Aβ; CERAD = Consortium to Establish a Registry for Alzheimer Disease; Chr9 region = chromosome 9 region; CI = confidence interval; GWAS = genome-wide association study; IHC = immunohistochemistry; LOAD = late-onset Alzheimer disease; OR = odds ratio; SNP = single nucleotide polymorphism.
compared the imputed genotypes to the whole-genome sequencing-derived genotypes. The median discordance between genotypes was 0.7%, which indicates successful imputation. We performed the same quality control steps and association analyses as we did to the SNP array data, but the genotyping rate threshold was not defined for the 44 index variants.
Statistical analyses
In the analyses, participants with moderate or frequent CERAD scores were compared with participants with no neuritic plaques (CERAD 0). Similarly, participants with Braak stages 0-II were compared with the high-stage group (Braak stages IV-VI). All participants without CapAβ were regarded as controls in analyses related to that pathology. The associations between APOE «4 allele and neuropathologic features were performed using logistic or linear regression analysis with age and sex as covariates on SPSS (version 23) (table 1). Other statistical analyses were performed using PLINK. Case-control association tests were calculated using logistic regression. Quantitative trait associations were calculated using linear regression. Each regression analysis was performed twice with either age and sex or age, sex, and APOE e4 status as covariates. In this candidate gene analysis of GWAS known AD loci, p < 0.05 was considered statistically significant.
Standard protocol approvals, registrations, and patient consents The Vantaa 85+ study was approved by the Ethics Committee of the Health Centre of the City of Vantaa in 1991 and by the Coordinating Ethics Committee of the Helsinki University Central Hospital in 2014. The Finnish Health and Social Ministry has approved the use of the health and social work records and death certificates. Blood samples were collected only after the participants or their relatives provided written informed consent. The National Authority for Medicolegal Affairs (VALVIRA) has approved the collection of the tissue samples at autopsy as well as their use for research. Written informed consent for autopsy was obtained from the nearest relatives.
Results
SNP array and imputation
After quality control, 341 variants at 26 candidate loci remained in the SNP array data (table e-2, http://links.lww. com/NXG/A16). There were no variants in EXOC3L2, HLA-DRB1, and TREM2 loci. In the imputed data set, 6,038 variants remained in 28 loci after quality control. Imputation was not successful in INPP5D, but it was covered with 26 variants in the SNP array data. Thus, all 29 candidate loci were covered in either the original SNP array or imputed data sets. Imputation of the index variants in ABCG1, APP, and chromosome 9 region (Chr9 region) was not successful because of too small minor allele frequency or low genotyping quality. Associations between the candidate loci and neuropathologic features are summarized in table 2.
Of the 512 samples, 487 passed the quality control criteria. Samples from 3 individuals were excluded because of difference in reported and estimated sex, 4 because of relatedness of participants, and 18 because of excessive missing data rate or heterozygosity.
Neuropathologic findings
The characteristics of the whole Vantaa 85+ sample (n = 512) and the neuropathologically and genetically examined subpopulations (n = 256) are shown in table e-1 (http://links.lww. com/NXG/A16). Neuropathologic analysis and data details have been previously reported. [19] [20] [21] No statistically significant differences were found in age at death or sex between the whole study population and the neuropathologically examined subpopulation, but there were slightly more females in the neuropathologically examined subpopulation.
APOE
As expected and already previously published using other types of analyses, 28, 29 the APOE e4 allele was strongly associated with all AD-related neuropathologic features (table 1) . Further analyses were performed with and without APOE e4 adjustment.
Association of the 29 risk loci with distinct neuropathologic features
Overall distribution of associations between the 26 candidate loci covered by the SNP array and neuropathologic features are shown in table e-3 (http://links.lww.com/NXG/A16). EXOC3L2, HLA-DRB1, and TREM2 could not be analyzed since there were no variants at these loci in the SNP array. Variant details and p values are shown in table e-4. APOE was treated as a covariate and not included in the list of tested loci. Nine of the 26 SNP array loci were not associated with any histopathologic variables in SNP array data. After imputation of all 29 loci, associations were found with 24 loci. The 5 loci that did not show association with any neuropathologic feature were CD33, CELF1, EPHA1, EXOC3L2, and INPP5D. We found an association at p < 0.05 with a neuropathologic feature for 7 of the previously reported 44 index variants, while 9 other variants showed a trend at 0.05 < p < 0.10 (table e-5). However, the genotyping rate of index variants was <95% for 14 variants.
CERAD score of neuritic plaques
In the SNP array data, we identified 8 loci that were associated with the CERAD score when adjusted for age at death and sex In the imputed data, we identified 14 loci that were associated with the CERAD score (table 2, tables e-6 and e-7, http://links.lww.com/NXG/A16). The strongest association found was the same as in the SNP array data: rs700588 at MEF2C.
Braak stage
In the SNP array data, 6 loci were associated with a high Braak stage (IV-VI vs 0-II) (APP, GALNT7, PTK2B, SLC24A, SORL1, and TRIP4), and when adjusted for APOE e4, associations were also found with ABCG1 (table 4) . Overall, the associations with the Braak stage were weaker than those with the CERAD score. The strongest association was found with ABCG1 (rs532345, p = 0.02671, OR 0.5571, 95% CI 0.33-0.93 with APOE e4 adjustment).
In the imputed data, we identified 15 loci that showed association with the Braak stage (ABCA7, ABCG1, APP, CD2AP, Chr9 region, CR1, GAB2, GALNT7, MEF2C, MS4A, NME8, PTK2B, SLC24A4, SORL1, and TRIP4) (table 2, tables e-8 and e-9, http://links.lww.com/NXG/A16). All except for MEF2C showed association regardless of APOE e4 adjustment. Rs2512518 at GAB2 locus had the strongest association (p = 0.004372, OR 0.31, 95% CI 0.14-0.69) when adjusted for age and sex.
CAA
In the SNP array data, 7 loci were associated with CAA (ABCA7, CR1, FERMT2, NME8, SLC24A4, SORL1, and ZCWPW1), and when adjusted for APOE e4, an additional locus (GALNT7) was found (table 5). The strongest association was with CR1 (rs65087, p = 0.004934, β 2.52, 95% CI 0.78-4.26 without APOE e4 adjustment); CR1 and ABCA7 were not associated with any other histopathologic variable than CAA.
In the imputed data, we identified 20 loci that were associated with CAA (table 2, tables e-10 and e-11, http://links.lww. com/NXG/A16). Fifteen loci were associated regardless of APOE «4 adjustment (ABCA7, ABCG1, APP, BIN1, CASS4, Chr9 region, CR1, FERMT2, HLA-DRB1, NME8, PICALM, SLC24A4, SORL1, TRIP4, and ZCWPW1), 4 loci when adjusted for age, sex, and APOE e4 (CD2AP, CLU, GALNT7, and MS4A locus) and 1 locus (GAB2) when adjusted for age and sex. The strongest association was found for rs185310342 at CR1 locus (p = 7.17E-07, β 14.4, 95% CI 8.88-20) when adjusted for age and sex.
CapAβ
In SNP array data, 4 loci were associated with CapAβ (APP, BIN1, MS4A, and PTK2B), and when adjusted for APOE e4, age, and sex, 3 additional loci were associated with CapAβ (GALNT7, NME8, and FERMT2, table 6). The strongest Abbreviations: AD = Alzheimer disease; APOE = apolipoprotein E; CAA = cerebral amyloid angiopathy; CI = confidence interval; OR = odds ratio; SNP = single nucleotide polymorphism.
The severity of CAA is expressed using the percentage of blood vessels with CAA of all blood vessels visible in the tissue slide. Linear regression analysis adjusted for age at death and sex and with a and without b carrier status of the APOE e4 allele for 341 variants (N = 256). All variants with p < 0.05 are shown.
association was found with APP (rs1783016, p = 0.005933, OR 2.01, 95% CI 1.22-3.30 with APOE e4 adjustment).
In imputed data, we found association for 15 loci (table 2 , tables e-12 and e-13, http://links.lww.com/NXG/A16). Of these, 9 were associated regardless of APOE e4 adjustment (APP, BIN1, FERMT2, GALNT7, HLA-DRB1, MS4A, NME8, PTK2B, and Chr9 region), 3 loci (MEF2C, PICALM, and SORL1) when adjusted for age, sex, and APOE e4, and 3 loci (CR1, SLC24A4, and TREM2) when adjusted for age and sex. The strongest association was found for rs66962766 at HLA-DRB1 locus (p = 0.002594, OR 0.54, 95% CI 0.37-0.81).
Discussion
In this study, we focused on previously reported genetic AD risk loci identified in GWAS analyses on clinically or neuropathologically verified patients with AD and controls. We confirmed the association of 24 of the 29 previously known AD risk loci with one or more AD-related neuropathologic features (CERAD, Braak, CAA, and CapAβ) (table 2).
In this study, we found strong associations between APOE e4 and all AD-related neuropathologic features (CERAD, Braak, CAA, and CapAβ, table 1). This is in line with previous studies. 4, 21 To take into account the strong effect of APOE on the other loci, 30 we performed analyses in 2 ways, testing each neuropathologic feature with and without the adjustment for the APOE e4 carrier status. Previously, certain loci have been reported to be more likely influenced by APOE «4 than others; e.g., PICALM and EXOC3L2 have been found to show stronger associations with neuropathologically confirmed AD without APOE e4 adjustment, whereas adjustment with APOE was reported to have no effect on the association between CR1, CLU, or BIN1 and neuropathologic AD. 30 We found that the APOE adjustment did not remarkably alter the associations between neuropathologic features in most loci (table 2) .
In addition to APOE, APP, Chr9 region, NME8, PICALM, and SLC24A4 were associated with all neuropathologic variables (CERAD, Braak, CAA, and CapAβ) (table 2).
On the other hand, certain loci were associated only with specific neuropathologic features. CASS4, CLU, and ZCWPW1 were associated only with CAA. TREM2 and HLA-DRB5 were associated with only CapAβ, whereas HLA-DRB1 was associated with both CAA and CapAβ but not with other pathologies (table 2) . These are interesting findings suggesting that the risk loci (and mechanisms) for CAA and CapAβ may be partially distinct. It is of note that there has Abbreviations: AD = Alzheimer disease; APOE = apolipoprotein E; CapAβ = capillary Aβ; CI = confidence interval; OR = odds ratio; SNP = single nucleotide polymorphism.
Comparison between participants with CapAβ (n = 77) and all other participants (n = 179) using binary logistic regression analysis. Binary logistic regression analysis adjusted for age at death and sex and with a and without b carrier status of the APOE e4 allele for 341 variants. All variants with p < 0.05 are shown.
been only 1 previous GWAS that investigated the genetic background of CAA, in which the only significant association was found between CAA and the APOE locus. 4 However, in a previous candidate gene analysis, CR1 was associated with CAA pathology burden. 31 The association between CAA and CR1 was confirmed in our study. No previous GWAS has been performed using CapAβ as the phenotype. Here, we reported significant associations between CapAβ and 15 loci (APP, BIN1, Chr9 region, CR1, FERMT2, GALNT7, HLA-DRB1, MEF2C, MS4A, NME8, PICALM, PTK2B, SLC24A4, SORL1, and TREM2). Our results provide information on the partly shared and partly distinct genetic backgrounds of ADrelated neuropathologic features.
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